ORCiD numbers: 0000-0002-0826-7450 (N. Rachdaoui).
, recombinant human insulin, IGF-1, and fura 2-AM were from Sigma-Aldrich (St. Louis, MO). N-acetyl-Asp-Glu-Val-Asp-p-nitroanilide (DEVD-pNA), Asp-Glu-Val-Asp-7-amino-trifluoromethyl coumarin (DEVD-AFC) caspase-3, N-acetyl-Leu-Glu-His-Asp-7-amino-4-trifluoromethyl coumarin (LEHD-AFC) caspase-9, AcAla-Thr-Ala-Asp-7-amino-4-trifluoromethyl coumarin (ATAD-AFC) caspase-12 substrates were from Axxora (Farmingdale, NY). The annexin V Alexa Fluor 488 apoptosis kit was from Thermo Fisher (Waltham, MA; V13241, RRID: AB_2575162 [43] . Collagenase was from Crescent Chemical Company (Islandia, NY).
B. Animals and Islet Isolation and Culture
Wistar rats (250 to 300 g) (Charles River, Wilmington, MA) were anesthetized using a ketamine cocktail, then killed by exsanguination. Islets were isolated as previously described [44] . Briefly, after digestion with collagenase, islets were washed twice with Hanks balanced salt solution and spun at 1200 rpm for 5 minutes at 4°C and then hand-picked several times under a stereomicroscope to ensure 90% to 95% purity. Islets were then washed twice in sterile RPMI 1640 medium supplemented with 5% FBS/5% newborn calf serum and 1% penicillin/streptomycin and cultured in a humidified atmosphere at 5% CO 2 and 37°C for 48 hours until the experiment. All animal experiments were performed in accordance with an Institutional Animal Care and Use Committee-approved protocol at Case Western Reserve University.
C. INS1E b-Cell Culture and Treatment
INS1E b-cells (a gift from Drs. P. Maechler and C. B. Wollheim, University of Geneva, Geneva, Switzerland) at passages 56 to 80 were cultured as previously described [45] . Cells were treated with or without insulin for 24 to 48 hours for study of signal transduction through the insulin/IGF-1 pathway and of calcium signaling, or for 24 and 72 hours with or without glucose for measurement of apoptosis.
D. Western Blotting
After pretreatment with insulin, islets or INS1E b-cells were serum starved in RPMI 1640 medium containing 0.5 mM glucose for 5 hours, then washed with Krebs-Ringer bicarbonate buffer containing 20 mM HEPES (pH 7.4), 0.2% BSA, and 0.5 mM glucose. After a 30-minute incubation, islets or INS1E b-cells were acutely stimulated with insulin (10 nM) or IGF-1 (10 nM) with or without glucose. Cells were lysed in RIPA buffer, proteins were measured, and Western blots were done as previously described [46, 47] . Lysates were probed for phosphoAkt, total-Akt, phospho-P70S6k, total-P70S6K, phospho-Erk 1/2 , total-Erk 1/2 , total-IRS 2 , IRb, IGFRb, total-Bip (GRP78), total-SERCA2, phospho-eIF2a, total-eIF2a, and b-actin. Levels of tyrosine phosphorylated IRS 2 and IGFRb were measured in immunoprecipitates from INS1E b-cells pretreated with or without 1 mM insulin for 24 hours. One milligram of protein lysate was immunoprecipitated with anti-phospho-tyrosine antibody (P-Tyr-100), separated on 7.5% SDS-PAGE, and membranes were probed for IRS 2 and IGFRb. For IRS 2 , IRb, and IGFRb abundance, total protein lysates were separated on 7.5% SDS-PAGE and the same polyvinylidene difluoride membranes were stripped and used for immunoblotting for IRS 2 , IRb, and IGFRb subunits. Proteins were detected by enhanced chemiluminescence after incubation of membranes with horseradish peroxidase-conjugated secondary antibodies. Signal intensities were quantified with Scion Image (National Institutes of Health, Bethesda, MD) after scanning unsaturated Kodak BioMax MR-1 films (Kodak, Rochester, NY).
E. Hoechst 33342 Staining
INS1E b-cells were plated on gelatin-coated coverslips and at 80% confluence were cultured with or without 1 mM insulin, 30 mM glucose, or insulin and glucose combined for 72 hours. Cells were washed with PBS, fixed with 4% paraformaldehyde, rinsed with PBS, and exposed to Hoechst 33342 stain (1 mg/mL) for 15 minutes at 22°C. Coverslips were washed and then mounted using antifade solution. Apoptotic cells were visualized and counted using a fluorescence microscope.
F. Caspase-3 and Caspase-9 Activities
For INS1E b-cells, caspase activity was assayed colorimetrically using DEVD-pNA as a caspase-3 substrate. After treatments, cells were washed with buffer A (150 mM NaCl, 20 mM Tris-HCl, and 1 mM EDTA (pH 7.5), and then lysed in buffer B (20 mM Tris-HCl, 150 mM NaCl, 10 mM dithiothreitol, 5 mM EDTA, 5 mM EGTA, and 1% Triton X-100 (pH 7.5)], incubated for 30 minutes at 4°C, and centrifuged at 16,000 3 g for 20 minutes. Fifty microliters of cell supernatant (;100 mg of protein) was combined with 50 mL of lysis buffer B containing 200 mM DEVD-pNA in a 96-well plate, incubated for 2 hours at 37°C, and absorbance was measured at 405 nm using an ELISA plate reader. For rat islets, fluorometric substrates were used to assess caspase-3 and caspase-9 activities (DEVD-AFC and LEHD-AFC, respectively). A group of 100 islets per condition were cultured in six-well plates and treated with either 500 nM insulin, 30 mM glucose, or the combination for 72 hours. Islets were then washed with ice-cold PBS, lysed in 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) buffer [50 mM HEPES, 10% sucrose, 0.1% CHAPS (pH 7.5), 0.5% Triton X-100, 1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, 10 mg/mL leupeptin, 10 mM dithiothreitol] for 30 minutes on ice and 15 mg of the proteins was incubated with 50 mM of each substrate at 37°C for 1 hour. Samples were then read in a plate reader (excitation, 400 nm; emission, 505 nm). Data were expressed as picomoles of DEVD or AFC substrate hydrolyzed per minute. In some experiments, cleaved caspase-3 was also measured by immunoblotting using specific antibodies.
G. Detection of Apoptosis by Annexin V Immunostaining
For detection of phosphatidylserine externalization, a characteristic of early apoptosis, an annexin V Alexa Fluor 488 staining kit (Thermo Fisher) was used according to the manufacturer's instructions. Briefly, after treatment, INS1E b-cells or isolated islets were dispersed into single-cell suspensions using 0.25% trypsin/EDTA solution. Cells were washed with PBS by centrifugation at 600 rpm for 5 minutes and resuspended in annexin V binding buffer at ;10 6 cells/mL. A 100-mL cell suspension from each sample was used. Ten microliters of annexin V Alexa Fluor 488 conjugate and 2 mL of propidium iodide were added and cells were incubated for 15 minutes at room temperature. Cells were washed with annexin V binding buffer and mounted on glass slides with mounting medium. Cells were analyzed using an Olympus FSX 100 fluorescence microscope.
H. Caspase-12 Activity
Caspase-12 activity was assayed using the fluorometric substrate ATAD-AFC. After treatment with prolonged insulin, INS1E b-cells were washed with ice-cold PBS, lysed in CHAPS buffer [50 mM HEPES, 10% sucrose, 0.1% CHAPS (pH 7.5), 0.5% Triton X-100, 1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, 10 mg/mL leupeptin, 10 mM dithiothreitol) for 30 minutes on ice and 15 mg of the proteins was incubated with 50 mM of substrate at 37°C for 1 hour. Samples were then read in a plate reader (excitation, 400 nm; emission, 505 nm). Data were expressed as picomoles of AFC substrate hydrolyzed per minute. ] i was measured using fura-2 as described above. Ca 2+ levels were determined using a standard equation for calibration. R max and R min were obtained by adding ionomycin (10 mM) or EGTA (1 mM), respectively, to fura-2-loaded b-cells at the end of each experiment.
J. Patch-Clamp Recording of Calcium Current
Recordings were done at room temperature (22 to 24°C), and the standard (ruptured membrane patch) whole-cell patch-clamp configuration was used. INS1E b-cells were seeded in 3.5-cm culture dishes and used at 40% confluence. Pipettes (0.8 to 2 MV) were prepared from N51A glass, coated with Sylgard, and fire polished. Current leaks were subtracted with a P/4 protocol using the pClamp software package (Axon Instruments) using a Pentium 4 microcomputer in concert with an AxoPatch 200B amplifier. The currents were four-pole filtered at 3 kHz and digitized at 40 KHz. The external solution contained 150 mM tetraethylammonium chloride (TEA-Cl), 5 to 10 mM BaCl 2 , 1 mM MgCl 2 , 10 mM glucose, 10 mM HEPES and 1 mM tetrodotoxin (pH 7.4) with 320 6 5 mOsm/L. The pipette solution contained 90 mM N-methyl-D-glucamine-chloride, 30 mM CsCl, 10 mM TEA-Cl, 5 mM EGTA-Nmethyl-D-glucamine, 10 mM HEPES, 4 mM MgCl 2 , 4 mM creatine phosphate, 4 mM ATP-Na + , leupetine, creatine kinase, and 0.2 mM GTP (pH 7.4 with CsOH) with osmolarity of 305 6 5 mOsm/L. The substitution of NaCl for TEA-Cl in the external solution allows a 40% to 70% increase in the magnitude of the Ca 2+ currents [48] . To minimize the contamination of Ca
2+
currents by other currents, the experiments were conducted with Ba 2+ as the permeating cation. The voltage protocols were designed in accordance with the known voltage characteristics of the different Ca 2+ channels. Effects were determined at the peak of the current and at the steady-state.
K. Statistical Analysis
Statistical significance was determined by one-way ANOVA using Origin software, and in some experiments (as indicated) the Student t test for unpaired data was used. Data are expressed as mean 6 SEM. A P value #0.05 was considered statistically significant.
Results

A. Effects of Prolonged Exposure to Insulin on the Insulin/IGF-1 Signaling Pathway
To investigate whether prolonged exposure to insulin induces insulin and IGF-1 resistance in b-cells, we used the INS1E b-cell line as well as freshly isolated rat islets to examine the activation of key signaling molecules in the insulin/IGF-1 signaling pathway. INS1E b-cells were pre-exposed to various concentrations of insulin for 24 hours, serum starved for 5 hours, and then acutely challenged with 10 nM insulin or 10 nM IGF-1. Figure 1 shows that exposure of INS1E b-cells to 10 and 100 nM insulin for 24 hours resulted in ;50% and ;70% decreases in Akt S473 phosphorylation, respectively, in response to the acute challenge with 10 nM insulin, whereas stimulation of Akt phosphorylation was nearly completely abolished in cells pre-exposed to .500 nM doses of insulin (Fig. 1A) . Exposure of INS1E b-cells to insulin concentrations up to 100 nM had no significant effect on the stimulation of Akt S473 phosphorylation in response to 10 nM IGF-1 for 5 minutes (Fig. 1B) . However, pre-exposure of INS1E b-cells to insulin concentrations .100 nM for 24 hours significantly inhibited the subsequent IGF-1-mediated Akt S473 phosphorylation, which reached ;70% inhibition in cells pre-exposed to 1 mM insulin for 24 hours (Fig. 1B) . These studies were repeated following 48 hours of incubation with various concentrations of insulin ( Fig. 1C and 1D) . Similarly, we found that exposure to insulin leads to a dose-dependent decrease in Akt phosphorylation. At 48 hours of exposure, inhibition of Akt phosphorylation in response to the acute stimulation by 10 nM insulin was maximal in cells pre-exposed to 1 mM insulin (Fig. 1C) . The response to an acute challenge with 10 nM IGF-1 was significantly diminished even in cells pre-exposed to lower concentrations of insulin (10 nM) for 48 hours (Fig. 1D) .
To validate our findings in INS1E b-cells, we next examined the effects of prolonged exposure to insulin on Akt phosphorylation in isolated rat pancreatic islets. Rat islets were pre-exposed to increasing concentrations of insulin (0 to 500 nM) for 24 hours, washed free of insulin, and then acutely challenged with 10 nM insulin or 10 nM IGF-1 for 5 minutes. We found that exposure to insulin concentrations .100 nM for 24 hours significantly decreased Akt S473 phosphorylation in response to the acute challenge with insulin or IGF-1, with a maximum decrease that reached basal levels at 500 nM insulin ( Fig. 2A and 2B ). Interestingly, however, islets pre-exposed to 10 nM insulin showed an increase in Akt S473 phosphorylation following the 5-minute challenge with 10 nM insulin or 10 nM IGF-1, perhaps indicating a positive feedback loop at physiological insulin concentrations as earlier studies have shown in human islets [25] . Total Akt was not affected by prolonged exposure to insulin in any of these experiments.
To investigate the impact of a nearly complete inhibition of the response to insulin or IGF-1 on islet and b-cell survival, in all subsequent experiments, INS1E b-cells or islets were preexposed to the highest insulin dose for 24 to 72 hours. Next, we investigated the effects of prolonged exposure to high insulin levels on other insulin/IGF-1 signaling molecules. Because earlier studies have demonstrated that the ras/raf/Erk 1/2 signaling cascade downstream of the insulin/IGF-1 signaling pathway plays an important role in the antiapoptotic actions of low concentrations of insulin [49] , we explored the effects of prolonged exposure to high Figure 2 . Effect of prolonged exposure to insulin on the acute insulin and IGF-1 phosphorylation of Akt in rat pancreatic islets. (A and B) Cultured rat isolated islets were treated with the indicated concentrations of insulin for 24 h, then exposed to 10 nM insulin (A) or 10 nM IGF-1 (B) for 5 min. Phospho-Akt S473 was measured by Western blot using specific antibodies in whole-cell lysates and normalized to total Akt. Data are presented as fold change over the basal nontreated islets. Representative autoradiograms are shown. Means 6 SEM are from four independent experiments. **P , 0.005. insulin on Erk 1/2 phosphorylation in response to the acute stimulation by insulin or IGF-1. At physiological concentrations, glucose was shown to stimulate Erk 1/2 phosphorylation in pancreatic islets and in insulinoma cells in a Ca 2+ -dependent manner [50, 51] or through an autocrine action by secreted insulin, and to induce gene expression and cell proliferation [7] . We found that Erk 1/2 phosphorylation in response to the acute stimulation by 10 nM insulin reached a robust stimulation at 40 minutes (Fig. 3A) , which is in agreement with previously published studies on Erk 1/2 activation in pancreatic b-cells [52] . Therefore, following the 24-hour exposure of INS1E b-cells to insulin, Erk 1/2 phosphorylation was measured in response to 40 minutes of stimulation with 15 mM glucose alone or in combination with 10 nM insulin or 10 nM IGF-1 ( Fig. 3B and 3C ). We found that glucose at 3 and 15 mM increased Erk 1/2 phosphorylation by 1.6-and 3.2-fold, respectively, in control INS1E b-cells. A 24-hour preexposure to high insulin levels diminished the stimulation of Erk 1/2 phosphorylation by glucose. Insulin at 10 nM and in the presence of 0.5 mM (nonstimulatory) glucose concentration increased Erk 1/2 phosphorylation by 1.7-fold, which was slightly enhanced at 3 mM and 15 mM glucose. In contrast, in cells pre-exposed to high insulin levels for 24 hours, Erk 1/2 phosphorylation in response to 10 nM insulin or 10 nM IGF-1 was markedly reduced. In these studies, the abundance of Erk 1/2 was not affected by prolonged exposure to insulin (Fig. 3B and 3C ). We also explored the effects of prolonged exposure to high insulin levels on the phosphorylation of ribosomal S6 kinase, P70S6K, a downstream molecule in the insulin signaling pathway activated by the phosphorylation and interaction of Akt with the Ser/Thr protein kinase mammalian target of rapamycin [51] . Similar to Erk 1/2 phosphorylation, it was shown that the kinase P70S6K is also activated by physiological concentrations of glucose in b-cells [51] . Figure 3D and 3E show that a 24-hour exposure of INS1E b-cells to high insulin levels led to a significant decrease in P70S6K phosphorylation in response to the 40-minute acute stimulation by either 10 nM insulin alone or in combination with 15 mM glucose.
These effects of prolonged exposure to insulin on Akt, Erk 1/2 , and P70S6K indicate that upstream signaling molecules in the insulin/IGF-1 pathway might be affected. Next, we examined the effects of prolonged exposure to insulin on IRS 2 , IRb, and IGFRb tyrosine phosphorylation and abundance. Both insulin (10 nM) and IGF-1 (10 nM) significantly stimulated IRS 2 tyrosine phosphorylation in control INS1E b-cells by 1.9-and 2.9-fold, respectively (Fig. 4A) . A 24-hour exposure to high insulin levels slightly increased basal levels of tyrosine-phosphorylated IRS 2 by 1.5-fold but did not show any stimulation of IRS 2 phosphorylation following the 5-minute acute challenge with 10 nM insulin or 10 nM IGF-1 (Fig.  4A) . We also found that the abundance of the IRb subunit was decreased by ;23% in INS1E b-cells pretreated with high insulin levels (Fig. 4B) . In contrast, neither the content of IGFRb nor its tyrosine phosphorylation in response to the 5-minute acute challenge with 10 nM IGF-1 was changed following chronic exposure to 1 mM insulin (Fig. 4C) .
B. Effects of Prolonged Exposure to Insulin on b-Cell Apoptosis
Because it is now well established that the insulin/IGF-1 signaling pathway, through activation of Akt and Erk 1/2 proteins, plays an important role in the maintenance of b-cell mass, we asked whether inhibition of Akt and Erk 1/2 phosphorylation by prolonged exposure to high insulin levels leads to decreased islet and b-cell survival. Isolated rat islets and INS1E b-cells were exposed to high insulin levels and/or high glucose levels and caspase activities and annexin V staining was measured (Figs. 5 and 6 ). We found that at 24 hours exposure to insulin, there were no measurable differences in caspase-3 activity between control-, insulin-, and glucose-treated INS1E b-cells (Fig. 5A) . In contrast, after 72 hours of exposure of INS1E b-cells to 1 mM insulin, 30 mM glucose, or to both, we noted cytoplasmic shrinkage, nuclear fragmentation, and chromatin condensation as shown by Hoechst 33342 staining (Fig. 5B) . Exposure of INS1E b-cells to 1 mM insulin or 30 mM glucose led to ;1.4-and 1.6-fold increases, respectively, in caspase-3 activity (Fig. 5C ). When combined together, insulin and glucose had a larger effect on caspase-3 activity, resulting in an ;1.8-fold increase compared with control nontreated cells. Figure 5D shows that exposure of INS1E b-cells to 1 mM insulin for 72 hours increased the cleaved and active forms of caspase-3 (i.e., 17-and 19-kDa fragments) compared with control nontreated cells. During early apoptosis, phosphatidylserine, a phospholipid that is located on the inner surface of the plasma membrane, is translocated to the outer membrane. Annexin V has high affinity for phosphatidylserines and is used to stain early apoptotic cells. Using an annexin V Alexa Fluor conjugate, we measured annexin V staining of INS1E b-cells exposed to 1 mM insulin, 30 mM glucose, or to both. We found that the mean fluorescence of annexin V was significantly increased by prolonged exposure to insulin, glucose, or to their combination when compared with control untreated INS1E b-cells (Fig. 5E) .
We extended these findings to isolated pancreatic rat islets exposed to 500 nM insulin, 30 mM glucose, or to their combination for 72 hours, and caspase-3 and caspase-9 activities as well as annexin V staining were measured. Exposure of islets to high concentrations of insulin resulted in an ;40% increase in caspase-3 and caspase-9 activities, suggesting diminished islet cell survival (Fig. 6A and 6B ). Exposure to 30 mM glucose did not affect caspase-3 and caspase-9 activities in islets, and the combination of insulin and glucose elicited the same response as that observed in presence of high insulin levels alone (Fig. 6A  and 6B ). Figure 6C shows that a 72-hour exposure of isolated islets to 500 nM insulin, 30 mM glucose, or to their combination leads to a significant increase in the mean fluorescence intensity of annexin V staining. Treatment of isolated islets with insulin and glucose together did not further increase annexin V staining compared with insulin or glucose alone (Fig. 6C) . homeostasis is impaired in many cell types, including pancreatic b-cells, and where the most common abnormality is increased intracellular Ca 2+ [53, 54] . Calcium signaling plays a critical role in b-cell function and insulin secretion. Disruptions in cytosolic calcium handling, for example in response to cytokines, can impair insulin secretion and lead to cell death [55] . Figure 6 . Effect of prolonged exposure to insulin on apoptosis in rat pancreatic islets. Islets were treated for 72 h with 500 nM insulin, 30 mM glucose, or insulin plus glucose, and caspase-3 (A) and caspase-9 (B) activities were measured using fluorometric substrates (DEVD-AFC and LEHD-AFC, respectively). Results are expressed as picomoles of FCA/min. (C) Annexin V staining of dispersed islet cells was measured using an annexin V Alexa Fluor 488 conjugate using a fluorescence microscope at 320 original magnification and mean fluorescence intensity was measured using ImageJ. Means 6 SEM are from four independent experiments with each done in duplicates. *P , 0.05, ***P , 0.0005, chronic insulin, glucose, or insulin plus glucose compared with control nontreated cells.
Additionally, recent studies have shown that an acute exposure to insulin affects intracellular Ca 2+ signaling in b-cells of transplantable human islets [56] . Therefore, we investigated whether prolonged exposure of pancreatic b-cells to high insulin levels changes intracellular Ca 2+ signals. We employed fura-2 dye and fluorescence microscopy to measure changes in [Ca 2+ ] i . Figure 7A shows that at 24 hours, high insulin levels had no effect on INS1E b-cell [Ca 2+ ] I ; however, a 48-hour exposure to insulin led to a significant and robust increase in [Ca 2+ ] i (Fig. 7A) . To investigate the effects of prolonged exposure to high insulin levels on the glucose-stimulated Ca 2+ response, INS1E b-cells where incubated with either 5 or 15 mM glucose for 10 to 60 minutes, and similarly [Ca 2+ ] i was measured using fura-2 labeling. Figure 7B shows that in control cells, a 10-minute incubation with 15 mM glucose elicited a significant and robust increase in [Ca 2+ ] i . A 60-minute incubation of INS1E b-cells with 15 mM glucose still increased [Ca 2+ ] i compared with the basal 5 mM glucose concentration; however, the increase was less pronounced than that of the 10-minute incubation with 15 mM glucose. Chronic exposure to high insulin levels increased basal [Ca 2+ ] i in INS1E b-cells, and 15 mM glucose had no further stimulation of the calcium response at a 10-or 60-minute incubation, indicating a disruption of INS1E b-cell Ca 2+ signaling (Fig. 7B) . To further explore the effects of prolonged exposure to high insulin levels on b-cell calcium signaling, we evaluated the magnitude and behavior of the plasma membrane calcium currents in control and insulin-pretreated INS1E b-cells by performing voltage-clamp studies under whole-cell patch configuration. We specifically designed conditions to eliminate contamination by other currents. Cells were stimulated using a 100 msec step depolarization from 280 mV to +20 mV with increments of 5 mV. Figure 7C shows representative tracings of the profile of the total calcium current from control cells and cells exposed to 1 mM insulin for 48 hours. As shown previously, the presence of small currents were observed at depolarizations as low as 260 mV; subsequently, the current increased to reach a peak at about 220 mV (Fig. 7D ). Cells pretreated with 1 mM insulin for 48 hours exhibited an increase in the rate of inactivation of the total current with no change in the peak of the current as shown by the two traces superimposed in Fig. 7C and 7D . The changes in inactivation resulted in a statistically significant decrease in the influx of total charge during the step depolarization as shown by the integrated Ca 2+ current vs voltage relationship in Fig. 7E . Additionally, the ER is the largest reservoir of intracellular Ca 2+ . The Ca 2+ gradient that exists between the cytosol and the ER is maintained by ER-specific Ca 2+ ATPases (e.g., SERCA2) that pump the Ca 2+ into the ER where it is buffered by Ca 2+ -binding proteins such as calcineurin and calreticulin [57] . We next asked whether exposure to high insulin levels affects SERCA2 expression. A 24-hour exposure of rat islets to increasing concentrations of insulin resulted in a dose-dependent decrease in SERCA2 protein expression (Fig. 7F) . Taken together, the above findings suggest that dysfunction of the voltage-dependent calcium channels and/or of the ER-specific Ca 2+ pump SERCA2 could partly explain the perturbed [Ca 2+ ] i that is observed following prolonged exposure to high insulin levels.
D. Effects of Prolonged Exposure to Insulin on b-Cell ER Stress Responses and ER-Mediated Apoptosis
Because insults that disrupt intracellular Ca 2+ homeostasis can trigger the activation of ER stress pathways such as the unfolded protein response, we next examined the effects of prolonged exposure to insulin on the expression and activation of ER stress markers. Chronic exposure of INS1E b-cells to 1 mM insulin led to a time-dependent increase in eIF2a S51 phosphorylation that was greater than the response observed following chronic exposure to 30 mM glucose (Fig. 8A) . The abundance of Bip (GRP78) was also increased in INS1E b-cells exposed for 72 hours to 1 mM insulin, 30 mM glucose, or to insulin and glucose combined (Fig.  8B) . Perturbations in intracellular Ca 2+ signaling were also shown to trigger cell apoptosis via activation of calpains (calcium-sensitive proteases) [58] . Caspase-12 is the primary substrate of calpains and was shown to be involved in ER stress-mediated apoptosis in b-cells [59] . We then asked whether chronic exposure to high insulin levels activates ER stress ] i was determined from R of Ca 2+ -bound fura-2 (excited at 340 nm) to unbound fura-2 (excited at 380 nM). The Ca 2+ levels were determined using a standard equation for calibration. R max and R min were obtained by adding ionomycin (10 mM) or EGTA (1 mM), respectively, to fura-2-loaded b-cells at the end of each experiment.
[Ca 2+ ] i was obtained using an excitation wavelength of 488 nm and an emission apoptotic pathways through activation of caspase-12. We found that exposure to high insulin levels lead to the activation of caspase-12, an effect that was not detected at 24 hours but was significant at 48 hours and correlated with the increase in [Ca 2+ ] i (Fig. 8C) . Another band-pass filter of 515/15 nm. Means 6 SEM are from four independent experiments. The I Ca 2+ (Ba 2+ ) from control and insulin pretreated cells for 48 h were evoked by a 100 msec step depolarization under whole-cell voltage clamp configuration. *P , 0.05, chronic insulin (48 h) compared with chronic insulin (24 h); ***P , 0.0005, 15 mM glucose (10 and 60 min control) compared with 5 mM basal; ) and Bip (B) were measured by immunoblot in whole-cell lysates using specific antibodies. The activity of the ER stress-activated caspase-12 was also quantified using the fluorometric substrate LEHD-AFC and results are expressed as picomoles of FCA/min (C). Means 6 SEM are from four independent experiments with each done in duplicates. *P , 0.05, compared with control nontreated cells.
indication that calpains might be involved in the high insulin-mediated b-cell apoptosis through the ER stress pathway is the increase in the 29-kDa band of caspase-3 observed in Fig. 5C , which was previously described as a calpain-mediated breakdown product in other cell types [60, 61] . Further studies are needed to explore this possibility.
Discussion
Hyperinsulinemia is a hallmark of insulin-resistant states such as obesity and early type 2 diabetes. Persistent hyperinsulinemia causes desensitization to insulin as well as to IGF-1 in peripheral tissues, an effect that may be part of a vicious cycle involved in the metabolic dysregulations observed in obesity and in the progression of the pathogenesis of type 2 diabetes [7, 8] . Hyperglycemia and frank diabetes only develop when pancreatic b-cells become dysfunctional and fail to adequately compensate for the peripheral insulin resistance [62, 63] .
Insulin and IGF-1 signaling pathways play critical and positive roles in maintaining pancreatic b-cell function and mass. Several studies using insulin/IGF-1 signaling knockout models have suggested that common molecular defects in these signaling pathways may underlie both peripheral and pancreatic b-cell insulin resistance, thereby leading to b-cell decompensation [3] [4] [5] [6] 64] . The interest in exploring the autocrine effects of insulin on pancreatic b-cells has increased in recent years. However, we are far from having a clear understanding of how insulin affects pancreatic b-cell mass; the molecular and signaling mechanisms involved are still not fully identified. In the current study we sought to investigate whether prolonged exposure to elevated levels of insulin, mimicking hyperinsulinemia, could lead to "insulin as well as IGF-1 resistance" in pancreatic islets and in INS1E b-cells. We demonstrate, to our knowledge for the first time, that persistent exposure of pancreatic islets and insulinoma cells to increasing concentrations of insulin leads to a desensitization to insulin and, in a heterologous manner, to IGF-1 signaling; this resulted in nearly complete inhibition of Akt phosphorylation at higher insulin concentrations. We also made the interesting observation that Akt phosphorylation in response to an acute stimulation with insulin or IGF-1 was enhanced when isolated islets were exposed to lower concentrations of insulin (10 nM) for 24 hours, an effect that was not observed in the insulinoma cells. It is now clear that Akt activation has antiapoptotic effects on islets [24, 65, 66] , and enhanced Akt activation was suggested to be involved in the processes of pancreatic b-cell compensation for the insulin resistance in the early stages of type 2 diabetes [67] . We suspect that in the case of mild hyperinsulinemia, insulin might promote pancreatic b-cell survival. These autocrine and paracrine effects of insulin on Akt activation require islet integrity, as was demonstrated by Aikin et al. [49] in their study on human islets. Insulin had no effect on Akt phosphorylation when islets were dispersed to single cells [49] . In addition to the Akt pathway, earlier studies have also shown that the antiapoptotic actions of low doses of insulin are mediated via the activation of Raf-1/Erk 1/2 signaling cascades of the insulin/IGF-1 signaling pathway [25] . Our data demonstrate that prolonged exposure to high insulin levels not only inhibits Akt phosphorylation, but it also results in a significant inhibition of Erk1/2 phosphorylation in response to the acute stimulation by glucose, insulin, or IGF-1. These findings suggest that common upstream signaling events in the insulin/IGF-1 signaling pathway might be involved in the inhibitions that are observed following prolonged exposure to high insulin levels in pancreatic b-cells.
Reduction of IR number and/or kinase activity by chronic exposure to insulin has been suggested to be involved in peripheral insulin resistance [7, 8] . We found that the abundance of IR was somewhat decreased in cells pre-exposed to insulin. Several studies have shown in other cell types, such as adipocytes and pancreatic acinar cells, that chronic exposure to insulin leads to IR dysfunction primarily by downregulating receptor level at the cell surface, perhaps through internalization and degradation [68, 69] , or decreased receptor expression and translocation to the cell membrane [69] . Prolonged exposure to high insulin levels neither downregulated the abundance of IGF-1 receptor nor decreased tyrosine phosphorylation of the IGFR b-subunit in response to the acute challenge with IGF-1. Thus, it appears that unlike the insulin-signaling pathway, insulin-induced desensitization of IGF-1 signaling in b-cells occurs at postreceptor levels. The reduction in tyrosine phosphorylation of IRS 2 in response to both insulin and IGF-1 could be of importance because IRS 2 was shown to play a critical role in maintaining normal b-cell function and mass [17, 21] . Deletion of the IRS 2 gene in mice induces diabetes due to defects in both insulin signaling in peripheral tissues and in pancreatic b-cell function [70] , and b-cell-specific knockout of IRS 2 resulted in inadequate b-cell compensatory response to insulin resistance [3, 71] . Overexpression of IRS 2 in isolated rat or human islets increases b-cell proliferation, decreases glucose-induced apoptosis, and increases basal and glucose-stimulated insulin secretion [72] .
As discussed earlier, given the importance of the IRS 2 /Akt and IRS 2 /Erk1/2 pathways to the maintenance of normal pancreatic b-cell physiology, our findings of decreased insulin and IGF-1-stimulated phosphorylation of IRS 2 , Akt, and ERk1/2 in pancreatic b-cells following prolonged exposure to high insulin levels raises the possibility that, in vivo, a persistent hyperinsulinemia through an autocrine action might have detrimental effects on pancreatic b-cell survival and mass. We provide evidence that prolonged exposure to high levels of insulin increases the activity of caspase-3 and caspase-9 and apoptosis in isolated rat islets and INS1E b-cells. This is in agreement with previous studies in mouse and human islets and in pancreatic b-cell lines following prolonged exposure to high concentrations of insulin [26, 27] . Several previous studies have suggested that persistent hyperglycemia, through glucotoxicity, leads to increased oxidative stress and b-cell death by apoptosis [73, 74] . We found that in INS1E b-cells, the number of apoptotic cells and caspase-3 activity were further increased when cells were incubated in the presence of high insulin levels plus high glucose levels. However, exposure to 30 mM glucose had no effect on caspase-3 and caspase-9 activities, but it increased annexin V staining in islets. The reasons for these discrepancies are not clear. Although a number of reports suggest that chronic exposure of b-cells to high glucose levels induce cell death by apoptosis through production of reactive oxygen species and activation of the mitochondrial apoptotic pathway [74, 75] , other reports have shown opposite effects whereby glucose promotes b-cell survival and proliferation [76] [77] [78] .
Additionally, disturbances in intracellular Ca 2+ signaling were proposed as mechanisms involved in pancreatic b-cell death by apoptosis; these are known to be present in disorders of insulin resistance such as obesity and diabetes [53, 54, 79, 80] . Our data indicate that prolonged exposure of INS1E b-cells to high insulin levels results in disturbances in calcium signaling. Levels of intracellular Ca 2+ are under tight control, and the ER plays an important role in regulating Ca 2+ signaling. The movement of the intracellular Ca 2+ is predominantly mediated through SERCA proteins, the major ER Ca 2+ pumps that are implicated in the sequestration of cytosolic Ca 2+ in the ER [81] . Among SERCA proteins that have been identified, SERCA2a, SERCA2b, and SERCA3 are expressed in pancreatic b-cells [82] . In the current study, we show that prolonged exposure to high insulin levels significantly decreased the expression of the major ER-Ca 2+ -ATPase SERCA2 protein in isolated rat islets, which could partly explain the observed increase in [Ca 2+ ] i . Several studies have shown that insulin regulates the activity and expression of SERCA proteins through the IRS 1 /phosphatidylinositol 3-kinase signaling pathway [82] . An acute stimulation of isolated b-cells from wildtype IRS 1 +/+ mice with L783-281, an IR agonist, increased [Ca 2+ ] i through an IRS 1 -mediated inhibition of SERCA activity and significantly increased insulin exocytosis [83] . The same agonist was unable to induce such effects in islets from IRS1 2/2 mice [83] . However, longterm exposure to insulin or L783-281 or chronic activation of insulin signaling by overexpression of IRS 1 resulted in a sustained increase in [Ca 2+ ] i [84] . Insults that disrupt intracellular Ca 2+ homeostasis can trigger the activation of ER stress pathways such as the unfolded protein response. For example, exposure of pancreatic b-cells to cytokines or free fatty acids decreases SERCA expression, depletes ER-Ca 2+ , increases [Ca 2+ ] i , and triggers ER stress-mediated b-cell apoptosis [85, 86] . Our data show that prolonged exposure of INS1E b-cells to high insulin levels increases ER stress markers, such as eIF2a S51 phosphorylation and Bip (GRP78) expression. Additionally, we show that exposure to high insulin levels lead to the activation of caspase-12, a substrate of the calcium-sensitive proteases (i.e., calpains), which are known to be involved in the ER stress-mediated apoptosis in b-cells [58, 59] . This is indicated by the increase in the 29-kDa band of caspase-3 observed in Fig. 5D , which was previously described in other cell types [60, 61] . Additional studies are necessary to further investigate the role of calpains in the effects of insulin on the ER-mediated b-cell apoptosis. Additionally, it is well established that [Ca 2+ ] i is also finetuned by proapoptotic and antiapoptotic proteins located on the mitochondria and that increases in [Ca 2+ ] i occur at early and late stages of apoptosis [87, 88] . Studies have also shown that because of the proximity of mitochondria to the ER or to the plasma membrane, increases in cytosolic Ca 2+ concentration lead to a rise in mitochondrial calcium [89] , which leads to organelle swelling and fragmentation and release of proapoptotic mediators [90] Taken together, our findings suggest that chronic exposure to hyperinsulinemia might be detrimental to pancreatic b-cells via an induction of insulin and IGF-1 resistance and inhibition of the IRS 2 /Akt and IRS 2 /ERk 1/2 signaling cascades (Fig. 9 ). Because these pathways play important roles in maintaining b-cell function and mass [5, 6] , we think that hyperinsulinemiainduced dysregulations of these signaling pathways might result in increased b-cell death through both mitochondrial and ER stress-mediated apoptotic pathways (Fig. 9) . Therefore, we think that in conditions of insulin resistance, such as obesity and prediabetes, an increased insulin secretion in the vicinity of b-cells, through an autocrine action, might participate in Figure 9 . Chronic exposure to hyperinsulinemia participates in pancreatic b-cell decompensation. In conditions of insulin resistance and increased insulin secretion in the vicinity of pancreatic b-cells, such as in obesity and prediabetes, chronic exposure of pancreatic b-cells to insulin might induce insulin and IGF-1 resistance and inhibition of IRS 2 /Akt/P70S6K and IRS 2 /ERk 1/2 activation. Because these pathways play an important role in pancreatic b-cell survival, inhibition of Akt and Erk 1/2 could result in increased islet and b-cell death through both mitochondrial and calcium-sensitive ER stress apoptotic pathways and therefore lead to pancreatic b-cell decompensation and the progression of diabetes.
pancreatic b-cell decompensation and the progression of diabetes. Future studies are warranted to further explore this hypothesis and elucidate additional mechanisms.
